Observations are presented of nonlinear internal waves on the outer New England continental shelf during the summer Shelfbreak Primer study conducted between July 26 and August 5, 1996. Current and temperature measurements were made with an upward looking acoustic Doppler current profiler (ADCP) located on the 147 m isobath near the shelfbreak and three vertical thermistor moorings located upshelf. Data from the ADCP and two nearby thermistor chains show energetic internal tides propagating at roughly 0.9 m s Ϫ1 to the north-northwest, nearly perpendicular to the local topography with 10 -15 cm s Ϫ1 horizontal currents and 15-30 m vertical displacements. These waves evolve rapidly within a 5.8 km range into an undular internal tidal bore. Cross-isobath barotropic tidal currents, responsible for generating the internal tides are in the 5-12 cm s Ϫ1 range. The bore formation is highly variable. There is evidence of a correlation between internal tide steepening and a shelfbreak front jet orientation that is oppositely directed to the internal tide propagation. There is no correlation between steepening and the jet's vertical shear. Statistics of the undular bores show rms travel time fluctuations from 0.8 to 1.7 hours and average tidal bore durations from 12 to 9 hours. The average undular bore speed is 0.9 m s . The number of high-frequency waves in the bore varies from 0 to 8 near the shelfbreak and increases to 30 waves 26.7 km upshelf. The observed distribution function of temporal spacing between high-frequency internal waves is spread between 4 and 20 min.
Introduction
Strongly nonlinear internal waves of depression are commonly observed on many continental shelves around the world. In the Mid-Atlantic Bight, in situ measurements and synthetic aperture radar (SAR) imagery show that packets of highfrequency nonlinear internal waves are generated near the shelfbreak during stratified conditions (late spring to early fall) and tend to propagate onshelf [Apel et al., 1995 [Apel et al., , 1997 Chapman et al., 1997] . The temporal and spatial separations of these packets suggest that they evolve from internal tides generated by the semidiurnal barotropic tidal current advecting stratified fluid over the steep topography of the upper slope. In this region the semidiurnal tidal flow is dominanted by the principal lunar constituent M 2 (12.42 hour period), which propagates onshelf from the North Atlantic. The internal waves within the packets tend to become soliton-like, with large amplitudes, short wavelengths, and high frequencies near the local buoyancy frequency N.
The physics of the generation, propagation, and dissipation of strongly nonlinear internal waves over the shelf is of intense interest [Duda and Farmer, 1999] . These waves not only significantly perturb the current and density field, they also initiate bottom sediment resuspension [Bogucki et al., 1997; Chang et al., this issue; Butman, 1988] and mix nutrients into the photic zone (N. P. Pettigrew et al., The influence of internal waves on the light exposure of phytoplankton, submitted to Journal of Plankton Research, 2000) . The perturbations in the density field, specifically the temperature field, can cause large fluctuations in the sound speed and thus affect acoustic propagation over the shelf [Apel et al., 1997; Sperry, 1999; Duda and Preisig, 1999; Headrick et al., 2000a Headrick et al., , 2000b . While many features of the wave propagation are well described by theory [Holloway et al., 1999] , less is know about the wave generation and dissipation mechanisms.
The Shelfbreak Primer program was conducted over the New England outer shelf/slope region during January 1995 to January 1997 to investigate the influence of the shelf/slope front, frontal jet, seasonal stratification, and bottom topography on the propagation of low-frequency acoustic energy across the shelfbreak. The field study included the deployment of long-term moorings on the slope and rise to examine the coupling between the slope and the shelf/slope front and a sequence of short-term hydrographic surveys and moored array deployments to map the shelf/slope frontal behavior and measure acoustic propagation, currents, and vertical temperature variability during summer and winter conditions. The summer Shelfbreak Primer study was conducted during July 26 to August 5, 1996 . It featured rapid repeat mapping of the frontal region with a shipboard acoustic Doppler current profiler (ADCP) and SeaSoar, a towed undulating conductivity-temperature-depth profiler (CTD), plus the deployment of a seven-element moored array (Figure 1 ). Acoustic sources and receivers were deployed at the four corner sites (NE, SE, NW, and SW), an ADCP was deployed at site A, and thermister chains were deployed at sites P, O, and NW. The SeaSoar data showed the presence of a shallow thermocline (pycnocline) over the shelf, which allowed large-amplitude highfrequency internal waves of depression to form and propagate onshelf. The ADCP and thermister chains were set to sample rapidly to resolve these internal waves. During the summer measurement period the shelf/slope front varied in position and shape, which contributed to changes in the characteristics of the internal wave packets. The strong jet present at the front also varied in both strength and orientation as frontal meanders propagated through the study area. The summer moored array design was not optimized to investigate internal wave dynamics, but the data provide important clues about their generation and propagation in this shelfbreak region.
This paper seeks to describe the internal tide and highfrequency internal waves observed in the moored array data during the summer Shelfbreak Primer study. Other papers in this special volume related to this topic are presented by Chang and Dickey [this issue] and Barth et al. [1998] .
The organization of this paper is as follows. The moored array and physical setting are presented first, followed by a description of the barotropic and internal tides in the generation region. The evolution of the internal tide into highfrequency internal waves over the shelf is then presented. Summary and implications of the present work are discussed last.
Moored and Shipboard Measurement Plan
The summer Shelfbreak Primer moored array was deployed between July 26 and August 4, 1996. The western line of moorings shown in Figure 1 includes an acoustic source at SW, a deep upwarding looking ADCP at A, thermister chains at P and O, and an acoustic receiver and thermister chain at NW. This transect was designed to monitor acoustic propagation from SW (located seaward of the shelfbreak and nominal position of the shelfbreak front) to NW (located on the outer shelf, north of the front). The ADCP was located to measure current structure near the core of the shelfbreak frontal jet, while the thermister chains measured local sound speed fluctuations at three positions along the SW-NW path. The P, O, and NW moorings were located 3.4, 9.2, and 26.7 km from the ADCP at A. Plate 1 shows temperature observations from mooring P where strong internal tides are evident, and an expanded plot of the data near yearday 214 shows the strongest undular bore event observed at mooring P.
The RDI 300 kHz narrowband ADCP was set to measure Figure 1 . Location of the summer Shelfbreak PRIMER study on the outer New England Shelf. The upward looking ADCP (A) and two thermistor moorings (P and O) are located roughly between the southwest (SW) acoustic source and the northwest (NW) acoustic vertical line array (VLA). The NW also had thermistors. To the east was a southeast source (SE) and a northeast (NE) VLA. Lines between the acoustic sources SW and SE and the acoustic receivers NW and NE indicate transmission paths. Isobaths at 10 and 100 m intervals are shown. The critical bottom slope c computed using the average buoyancy frequency profile (see Figure 3) for M 2 internal tides is displayed using a heavy contour. The dashed contour shows c if the buoyancy frequency profile is everywhere increased by 0.5 cph. horizontal currents in 4 m depth bins between water depths 138 and 26 m (bottom depth is 147 m). The ping rate was about 2.5 Hz with an ensemble record length of 90 s (225 samples per ensemble), resulting in an rms ensemble uncertainty of about Ϯ0.9 cm s Ϫ1 in the current reported in each bin. This uncertainty can be reduced further by (time) and/or bin (depth) averaging. Temperature was measured at O, P, and NW using thermister chains set to record temperature every 60 s with an rms uncertainty of Ϯ0.05ЊC. See Table 1 for mooring positions, water depth, sensor depths, and related information.
Shipboard ADCP and SeaSoar were used for rapid sampling of the mesoscale. The R/V Endeavor's RDI 150 kHz narrowband ADCP was set to sample with a ping rate of about 1 Hz, an 8 m depth bin, and an ensemble averaging of 3 min. The rms ensemble uncertainty for the ship ADCP is Ϯ1.0 cm s Ϫ1 . The SeaSoar was towed at about 4 m s Ϫ1 and made one surface to bottom undulation in 3 min. The undulations typically extended from 2 m below the surface to 10 m above the bottom, or 120 m for bottom depths Ͼ130 m. The rms uncertainties in the 2 m depth-averaged temperature and salinity data are Ϯ0.01ЊC and Ϯ0.02 practical salinity units (psu). From July 26 to August 1, daily cross-shelf ADCP/SeaSoar transects were made along the western mooring line. These transects took roughly 3 hours to complete and, in combination with other ADCP/SeaSoar transect data, provide nearly synoptic sampling of the mesoscale variability in the stratification and the structure of the frontal jet. Figure 2 shows an objective map of the large-scale current and density structure obtained by the SeaSoar and the shipboard ADCP for August 1 (yearday 213) at a depth of 40 m. Because of the space-time aliasing inherent in the shipboard ADCP and SeaSoar data, these measurements could not resolve the high-frequency internal waves observed on the shelf with the moored array.
Physical Setting

Topography
The bottom topography over the outer shelf and upper slope varies considerably over scales as small as several kilometers in the summer Shelfbreak Primer study area (Figure 1 ). The 100 -200 m isobaths change orientation by 20Њ-30Њ near the mooring line, with a broadening of the upper slope (depths between 150 and 500 m) locally and to the east. As a result, the bottom depth profile along the mooring line ( Figure 1 ) has a bottom slope that increases slowly to a maximum of 0.045 at a depth of 500 m. The upper slope becomes steeper to the west and east and is characterized by a sharp shelfbreak (maximum in bottom slope) at shallower depths near 150 m.
Stratification
The stratification throughout the water column varied both spatially and temporally during the moored measurement period. Over both shelf and slope a strong seasonal pycnocline was present; however, its strength and position varied because of the tidal flow and mesoscale motions of the front. The mean vertical stratification is indicated by the buoyancy frequency profile N, averaged in space over the six SeaSoar sections made along the western mooring line, plus the deeper CTD data (Figure 3 ). The pycnocline occurred at an average depth of 23 m with a maximum N of about 15 cph, separating the warm surface water from the denser (cooler and more saline) deeper shelf and slope waters. N decreased to Ͻ5 cph deeper than 110 m and to below 3 cph deeper than 220 m. Profiles of maximum and minimum N at each depth between the SeaSoar sections ( Figure 3 ) indicate significant variability in even the horizontally averaged stratification due to mesoscale variability.
Currents
3.3.1. Subtidal currents. Horizontal currents at A exhibit large subtidal variations associated with the orientation and movement of the frontal jet in addition to tidal band currents. The subtidal currents were obtained using a low-pass filter with a half-amplitude cutoff of 33 hours. The strongest subtidal flows were generally southwestward, with significant vertical shear and veering and periods of on-and off-shelf flow lasting a few days. Maximum speeds occurred near 50 m, with a notable decrease in speed and increase in veering near the bottom. The mean and principle axes of the subtidal currents at the shallowest and deepest measurement depths (26 and 138 m) and the bin-averaged current ( Figure 4 ) illustrate this variability in relation to the local isobath orientation at site A (about 72ЊN). The mean bin-averaged flow is closely aligned with the local topography.
Tidal currents.
A relative minimum in the strength of the semidiurnal barotropic tidal currents over the New England shelf occurs near the east of the Shelfbreak Primer study region [Moody et al., 1984] , in part because of the transition between the Gulf of Maine/Bay of Fundy near-resonant tidal response and the weaker subresonant response of the MidAtlantic Bight. Because of the shortness of the tidal band record (6.9 days), only the leading semidiurnal (M 2 ) and diurnal (O 1 ) constituents were computed using harmonic analysis. (While we will use the terms M 2 and O 1 to refer to the resulting ellipse parameters, they in fact represent the composite semidiurnal and diurnal band signals over the analysis period. Data from nearby stations show that the M 2 is the dominant semidiurnal constituent, while both O 1 and K 1 have comparable magnitudes in the diurnal band [Moody et al., 1984; S. Lentz, personal communication, 1999] . Here O 1 provided a better fit (i.e., extracted more diurnal variance) than K 1 and had a larger magnitude.) The dominant constituent is the M 2 (12.42 hours), with major and minor axes of 9.7 and Ϫ7.2 cm s Ϫ1 , respectively ( Table 2 ). The major axis is aligned with the cross-isobath direction to within a few degrees, and the velocity vector rotates clockwise, consistent with Northern Hemisphere propagation ( Figure 5 ). The M 2 accounts for about 77% of the tidal band variance. The O 1 is smaller (accounting for only 11% of the tidal band variance) and is aligned roughly with the local topography, consistent with forced topographic wave theory [Diafuku and Beardsley, 1983] . Though smaller, the O 1 creates a significant diurnal inequality in the flood and ebb tidal flow.
The vertical structure of the tidal band currents at A is quite complex, however, so the bin-averaged ADCP tidal currents (spanning a depth range of 26 -138 m) are only representative of the barotropic (full water column-averaged) constituents. To investigate the vertical structure, the M 2 and O 1 constituents were determined at each measurement depth using harmonic analysis. Vertical profiles of M 2 and O 1 ellipse parameters and variances are shown in Figure 5 . The M 2 was the dominant constituent throughout the water column, exhibiting a strong increase in amplitude toward the bottom. The M 2 accounts for roughly 60 -80% of the tidal band variance in the bottom 60 m of the water column but Ͻ40% in the top 60 m, where the tidal band variance is smallest. This indicates that the bin-averaged tidal current at A (Figure 4 The meander is estimated to be moving at roughly 10 cm s Ϫ1 to the west, resulting in strong offshore currents on the western edge of the study area around yearday 215.
parameters for the bin-averaged M 2 and O 1 constituents. The differences between the M 2 bin-averaged and vertical profiles, especially the major axis and inclination, are due to the nonlinear nature of the least squares harmonic analysis: the vertical average operator and the tidal fit operator are not commutable. O 1 exhibits less vertical variation and much better agreement with the bin-averaged values, consistent with forced topographic wave theory in the diurnal band.
Figures 4 and 5 suggest that the M 2 tidal current has a mixed barotropic-baroclinic structure at A. Beneath the main pycnocline (below about 60 m), M 2 is strongly bottom-intensified and propagates onshelf with downward phase speed. This is consistent with a combination of a barotropic component and a strong in-phase internal wave component. The downward phase propagation at A indicates upward internal wave energy propagation.
A theoretical model for the generation of an internal M 2 tide by M 2 barotropic tidal flow over the continental margin was provided some time ago [Baines, 1982] . Baines showed that for given water depth h( x) and stratification N profiles the magnitude of the body force F that generates the internal tide is given by
where Q is the constant tidal mass flux and is the tidal frequency. For the cross-isobath depth profile through the western mooring transect (Figure 1 ) and the mean stratification (Figure 3 ), F is computed and displayed in Figure 6 . The largest values of F are located near the 100 m isobath in the main pycnocline. Following Baines' analysis, we should expect a strong generation of low-mode internal tidal motion centered in the pycnocline at the 100 m isobath; however we observe strong internal tide motion well south of this strong forcing location. For the mean stratification the characteristic slope c of an internal wave with M 2 frequency barely matches the bottom slope near about a depth of 450 m (see Figure 1 ; well south of the region of maximum F), and the onshelf ray eminating from the bottom critical slope area passes through the A, O, and P sites near the surface (See Figure 6 ). However, vertical and horizontal shear can change the critical bottom slope [Kunze, 1985] , so that changes in stratification and subtidal currents over the upper slope could contribute to significant variations in the generation mechanism(s) and strength of the M 2 internal tide on timescales of a few days. As will be seen, this variability leads to intermittent generation of nonlinear high-frequency internal waves in the Shelfbreak PRIMER study area.
Internal Tide Evolution
Next the relative phasing between the internal tidal currents at site A and the vertical displacements inferred at the thermistor chain site P are examined. Figure 7 shows time series of the 38 m depth current at A with the bin-averaged current removed and the currents rotated into the direction of internal tide propagation (u aligned with 18ЊN). Figure 7 also shows displacement of the 11ЊC isotherm temperature observations at P and O. Internal wave displacements were calculated by tracking the depth of particular isotherms using linear interpolation between sensors. Harmonic analysis for the M 2 constituent of the currents at A and the displacements at P in Figure 7 (after compensating for the 3.4 km separation between A and P using a 0.7 m s Ϫ1 wave speed) shows that the relative phasing of (u, v, p ) has u and v out of phase by 90Њ and p out of phase by 180Њ with u. Furthermore, the ratio v max /u max is very close to the ratio of f/ M 2 or 0.66. The relative phasing of (u, v, ) at this particular depth suggests no vertical energy propagation. This analysis cannot be done for deeper points because the temperature minimum near 60 -80 m depth and the weak temperature gradient below prohibit the estimation of displacement. Figure 7 shows that the ADCP observations are dominated by a quasi-sinusoidal internal tide with small hints of nonlinear steepening and no large-amplitude high-frequency internal waves. The P thermistor chain data show the beginnings of internal tide steepening and, in one case, a strong bore with large-amplitude high-frequency internal waves near yearday 214.3. Thermistor chain data at O show five strong bore events at roughly yeardays 213.8, 214.4, 214.8, 215.4, and 216.9 . To get a better view of the undular bore structure, Figure 8 shows the details of the undular bore events at P and O at yeardays (a) 215.4 and (b) 213.8. For the bore event at yearday 215.4, dramatic steepening and high-frequency internal wave formation are observed. The high-frequency waves form on the bore front face because of nonlinear steepening and dispersive effects [Lamb and Yan, 1996] . Because the high-frequency waves are short waves, they propagate more slowly than the longwave bore, and subsequently, they fall back. As an indicator of the rapid evolution, recall that these observations were taken only 5.7 km apart and that the internal tide wavelength is of order 30 km. Figure 7 also shows time series of vertical displacements derived for the 8Њ isotherm at NW. Here it is clear that the overall internal wave energy is lower and there are significantly more high-frequency internal waves. Figure 9 shows the evolution of the internal wave spectrum from A to NW 26.7 km upshelf. The horizontal current spectrum at A and the displacement spectrum at P are dominated by the internal tide band with very little high-frequency wave energy (note that the spectral peak of the internal tide at P has been truncated in Figure 9 ; the value at the peak is 170 m 2 ). However, at O, where the undular bore has developed more fully (Figure 7 ), a high-frequency peak appears in the spectrum near the local buoyancy frequency and the internal tide peak has decreased by a factor of 3. The growth of tidal harmonics (near M 4 and M 6 ) associated with the nonlinear steepening is also seen in the spectra. At NW the displacement spectrum shows a drop in internal tide energy (and its harmonics) and a further increase in high-frequency wave energy due to the continued generation of undulations on the bore. There is also an attendant overall decrease in displacement variance at NW, presumably due to some propagation dissipation and/or geometrical spreading. The observed displacement variances at P, O, and NW are 43, 30, and 14 m 2 . A small amount of this variation could be due to changes in N since the 11ЊC isotherms were used at P and O and the 8ЊC isotherm was used at NW. However, these isotherms were used to be representative of the center of the thermocline at these sites.
Wave Packet Spectra
The formation of high-frequency internal waves on the internal tide bore represents an internal tide dissipation mechanism with a "jump" of energy from tidal frequencies ( T Ӎ 1/12.42 hours) to frequencies of the order of ϭ 1/8 min (near the local buoyancy frequency). From the internal wave dispersion relation, it can be inferred that this energy jump is from horizontal scales of tens of kilometers to scales of hun- The M 2 and O 1 constituents account for ϳ88% of the tidal band variance. The approximate uncertainty in the major and minor axes is Ϯ1.5 cm s Ϫ1 , Ϯ5Њ in inclination and Ϯ10Њ in phase. Phase is relative to 00 UT, January 1, 1996, and is based on harmonic analysis over 6.9 days. The local across-isobath direction is 342ЊN. dreds of meters while the vertical scales continue to be set by the water depth.
Variability
So far, section 4 has shown that the baroclinic tide exhibited marked variability in its properties and behavior during the summer Shelfbreak Primer study. Spatial and temporal variability in the buoyancy frequency and current fields will produce variability in the internal tide's amplitude, phase, and space-time structure. This variability, whose source has not been determined, can be looked on as a random component of the internal tide field and is of importance to both coastal physical oceanography and acoustics, which were the main emphases of the Shelfbreak Primer program. In this section the variability found in the nonlinear internal tide will be examined so that the limitations on predictability and harmonic analysis can be discussed.
For the undular bore events between yeardays 211.8 and 217.5, the beginning and ending times of the bores, the maximum displacement and the number of high-frequency undulations were estimated visually using the displacement time series at P, O, and NW (See Figure 7) . The estimated error in the beginning and ending time selections is Ϯ1/3 hour. As the time variability signals are mostly greater than an hour, this is considered an acceptable error. From these data, travel time fluctuations, bore duration, and bore speed have been derived and are displayed in Figures 10 and 11 . 4.2.1. Travel time. Figure 10a shows the fluctuation of the arrival time for the leading edge of the internal tide at P, O, and NW. The average time difference between the arrivals is roughly 12.4 hours at all three locations, so that the dominant M 2 tidal driving of the process is quite evident. The variances about the 12.42 hour average period at P, O, and NW are 2.8, 2.9, and 0.7 hr 2 , respectively. The travel time fluctuations at P, O, and NW exhibit a low-frequency variation with a timescale of a few days. This modulation of the travel times could be due to changes in the generation region due to mesoscale oceanography. As stated previously, variations in the critical slope position of order 5 km are possible (because of variations in N). For a 0.7 m s Ϫ1 group velocity the peak-topeak variation in travel time is 2 hours, which is roughly consistent with Figure 10a .
The random travel time component about the slow modulation of the P and O arrivals is generally of the order of an hour, which is an indication of the strength of the random scattering of the internal tide by random changes in N and current variations near the front. Assuming an exponential correlation function for the random currents of the form ͗u 0 2 ͘ exp(Ϫ⌬x/L u ) and assuming ͗u 0 2 ͘ Ͻ Ͻ c 0 2 , the random contributions to the travel time variance can be written
where ͗u 0 2 ͘ is the variance of the random current, L u is the coherence length of the random currents, L km is the range, and c 0 ϭ 0.7 m s Ϫ1 is the average wave speed. From SeaSoar and shipboard ADCP data the along-path fluctuating currents are estimated to be up to 15 cm s Ϫ1 in magnitude, with a coherence length of roughly 10 km. The range from the generation region to P and O is estimated to be about 20 km. With these values, (2) predicts a travel time variance of roughly 1.3 h 2 for P and O. This value is roughly consistent with the random scatter about the low-frequency modulation of P and O travel times. The barotropic tide contribution to the travel time variance is disregarded since there is no apparent tidal modulation of the arrival time time series.
Maximum bore displacement.
The maximum bore displacement time series is shown in Figure 10b . The displacements are large in all cases, of the order of 15-30 m. One notes that the displacements are large at P and O (mean amplitudes are 21 and 20 m, respectively); however, at NW the bore amplitude has decreased (mean of 9.0 m), which is consistent with the picture of the transferral of the low-frequency bore energy to the high-frequency internal waves and some propagation loss or dissipation.
Bore time duration.
The time duration of the internal tide bore is defined as the time interval from the onset of the bore to the relaxation of the bore back to approximately zero displacement (see Plate 1). The time duration (in hours at a fixed site) is shown in Figure 10c . Quasi-sinusoidal internal tides will have a 12.42 hour period, but the effect of the non- (1)) are shown. An internal tide ray originating from the critical bottom slope region (see Figure 1) is also displayed. (u, v) at A with the bin-averaged current removed and rotated into the direction of internal tide propagation (u aligned with 18ЊN) for the depth of 38 m. (b) Internal wave displacements of the 11ЊC isotherms for P and O ( P , O ) and the 8ЊC isotherms for NW ( NW ). The M 2 tidal fits to (u, v, P ) accounting for the separation between A and P using a 0.7 m s Ϫ1 wave packet speed show (u, v) constituents to be 90Њ out of phase and (u, P ) constituents to be roughly 180Њ out of phase. linear steepening and subsequent bore formation is to shorten this duration. The mean time durations at P, O, and NW are 12, 9.8, and 8.9 hours. The striking feature of the bore duration is that the bore occupies almost all of the tidal cycle and therefore hydrographic data are biased by this signal the majority of the time in the coastal regions where they are found.
4.2.4. Bore speed between P and O. The bore propagation speed between P and O is displayed in Figure 11a . The speed is calculated using the time delay between arrivals at the two sites and the plane-wave projected range between the moorings assuming a 17Њ propagation direction (CCW) relative to north (see Figure 4 and Table 2 ). The error bars are computed assuming a Ϯ1/3 hour error in travel time estimation. These estimates are not corrected for barotropic tide or shelfbreak front contributions. The average speed is 0.9 m s Ϫ1 with an rms variation of 0.45 m s Ϫ1 . This is a significant variation in relation to the linear mode 1 group speed of 0.7 m s Ϫ1 Ϯ 0.1 m s Ϫ1 based on the mean N profile and the variations determined from the SeaSoar data (see Figure 4) .
Number of undulations.
The number of highfrequency undulations in the undular bore are plotted in Figure 11b . At P there is only one wave packet at yearday 214.4 that has high-frequency undulations. O has significant undulations for 4 -6 wave packets, while NW has more than 10 undulations for every event.
Variability: Correlations to Shelfbreak Front
Figures 11c and 11d show average jet speed and horizontal current shear parallel to the internal tide propagation direction. These parameters were temporally averaged over the 8 hour period prior to the arrival of the bore at P. Focusing on the strong bore development at P between yeardays 213.8 and 215.5, there is no apparent correlation between bore formation and either maximum (solid circles) or depth averaged (dots) horizontal current shear. However, there is an apparent correlation between bore formation and parallel jet speed up to yearday 215.5. The physical picture here is that the opposing jet current reduces the effective group speed of the internal tide and allows more time for steepening. After yearday 215.5, there is a significant opposing jet current, but there is little bore formation except near yearday 217. Figure 2 displays the frontal meander responsible for the offshore currents during yeardays 213.8 -216.0. Clearly, there is significant spatial variability of the meander, the detailed interaction of the internal tide with the meander is complex and beyond the scope of this paper.
Soliton Characteristics
The characteristics of the individual high-frequency internal waves are treated in terms of soliton theory and are discussed next. The widths of these waves are plotted against wave amplitudes at O in Figure 12 . These data are compared to the first-order KdV soliton relation
where ⌬ is the soliton width, ␤ is the KdV dispersion parameter, ␣ is the KdV nonlinear parameter, and 0 is the maximum soliton displacement [Apel et al., 1995] . The parameters ␣ and ␤ were calculated assuming a two-layer fluid with an upper layer thickness of h 1 ϭ 30 m, a lower layer thickness of h 2 ϭ 110 m, and a density contrast of 1.7 kg m Ϫ3 . The experimental widths were computed from the time durations and converted to length assuming a constant phase speed of 0.7 m s Ϫ1 . These estimates are considered to contain about a 40% error due to the phase velocity assumption made (0.7 ϩ/Ϫ 0.3 m s Ϫ1 is a reasonable velocity range.) The widths agree reasonably with the soliton theory in magnitude but show some visible disagreement in trend. This type of trend disagreement was previously noted in the Sulu Sea [Apel et al., 1985] .
Next the spacing between the individual high-frequency internal waves in the bore is examined. The distribution function of interwave spacings is shown in Figure 13 (in minutes, which can be converted readily to distance using our crude 0.7 m s Ϫ1 speed estimate.) Clearly, the spacing is not constant and, in fact, has a rather large variance about the mean. The spacing of the high-frequency internal waves is a particularly important issue in ocean acoustics as a nearly evenly spaced assemblage of waves can act as a two-dimensional Bragg lattice and resonantly scatter acoustic energy based on the Bragg scattering condition.
The results in Figure 13 are not consistent with KdV theory or numerical modeling [Lamb and Yan, 1996; Apel et al., 1997] ; the spacings of the high-frequency waves are much more complicated. The high-frequency waves are not simply rank ordered in the data as would be predicted by KdV or numerical models. Since the data contain internal waves from both the ambient stochastic background and the nonlinear internal wave fields, it is possible that irregularities in both the spacings and amplitudes of the waves are due to the ambient wave field. The ambient field cannot simply be subtracted out from the observed data. Also, space-time variability in the N and current fields can distort the shape of the internal wave field.
Summary and Implications
Summary
We have examined the phenomenology of continental shelf nonlinear internal tide generation and propagation using observations from the summer Shelfbreak Primer study. Regarding generation, barotropic tidal currents that are ultimately responsible for the generation of the internal tide are relatively weak, in the 5-12 cm s Ϫ1 range; these currents are also small relative to the local mode-1 linear internal tide phase speed, which eliminates critical Froude number models as candidates for the internal tide generation [Lamb, 1994] . Near the shelfbreak at A, bottomintensified M 2 tidal currents are observed, yet a critical bottom slope ray model, the Baines body force model [Baines, 1982] , and a simple two-layer model cannot explain the observed vertical current structure. Clearly, more detailed modeling work will be required to understand the physics of the internal tide generation during the summer Shelfbreak Primer study.
Regarding nonlinear internal tide propagation, at a distance of 9.2 km upshelf from A the internal tides show strong non- Figure 10 . (a) Fluctuation of bore travel time around the M 2 tidal period for moorings P (P), O (O), and NW (N). A positive value means the wave packet is delayed, and a negative value means the wave packet is advanced. At P, O, and NW the variances are 2.8, 2.9, and 0.7 hr 2 , respectively. (b) Fluctuation of maximum internal tide displacements at P, O, and NW: the mean displacements are 21, 20, and 8.8 m, respectively. (c) Fluctuations of bore duration at P, O, and VLA: the mean durations are 12, 9.8, and 8.9 hours, respectively. At P and O the 11ЊC isotherm displacements were used, while for NW the 8ЊC isotherm displacements were used to derive these statistics (see Figure 6 ). linear steepening, with the strongest steepening occurring in the 5.8 km region between P and O. This steepening results in an internal tide bore with high-frequency (near N) and largeamplitude internal waves, and the wave packet continues to evolve as it propagates upshelf, transferring more energy from the tidal band (and its harmonics) directly into the highfrequency band. Considerable variability is observed in this process of steepening and formation of high-frequency internal waves, although there is some correlation with the shelfbreak front jet. When the jet is in the opposite direction of internal tide propagation onshelf, the effective group velocity of the wave packet is reduced, allowing more time for steepening and high-frequency internal wave generation. As in the case of internal tide generation, detailed modeling work will be required to understand the physical effects that lead to the observed internal tide variability. 
Implications
Some implications of this work for continental shelf mesoscale physical oceanography and acoustics will be discussed in more detail in this section. For coastal physical oceanography, particularly near fronts, this work suggests that the nonlinear internal tide is a significant "noise" source for measuring low-frequency motions. Horizontal currents of the order of 10 -20 cm s Ϫ1 are present with a duration from 9 to 12 hours of the semidiurnal tide cycle. Also, because of its random component, the nonlinear internal tide is not amenable to any simple detiding procedure, such as harmonic analysis.
This work also has important implications for acoustic propagation. The nonlinear internal wave field greatly displaces the vertical sound speed structure, and numerous acoustics studies have addressed the consequences of this [see, e.g., Duda and Preisig, 1999, and references therein] . However, what has been perhaps less appreciated by acoustics investigators is the variability that is associated with the nonlinear internal wave field. Observed high-frequency internal wave duration versus displacement for mooring O. The duration is converted into a width in meters using the 0.7 m s Ϫ1 propagation speed. The prediction from the soliton solution (equation (3)) is plotted (solid) for reference.
The widths, spacings, and amplitudes of both the lowfrequency bores and the high-frequency internal waves vary considerably, which will have a profound effect on the acoustic scattering that one will observe. The statistics of the oceanography will be reflected in the statistics of the acoustic field variability, and this needs to be taken into account for sound propagation near the shelfbreak.
Furthermore, the summer Primer observations show a distinct transfer of energy from the internal tide to soliton-like high-frequency internal waves near N as the nonlinear internal tide propagates upshelf. There is also clear dissipation or perhaps spreading loss as the waves move upshelf; Figure 9 makes this point. This evolution is very important in that the solitonlike internal wave energy contributes significantly to acoustic scattering. The question now facing acousticians in face of the tremendous variability in nonlinear internal wave evolution found here is what can be generalized to other regions.
There is one last point that should be addressed concerning sound speed variability that is specific to shelfbreak front regions such as the outer New England shelf where the Shelfbreak Primer study was conducted. Specifically, there is a pool of warm near-bottom water associated with the "foot of the front" that extends considerably onshore of the bathymetric shelfbreak. This warm, salty slope water has a very large temperature contrast with the "cold pool" water directly above it. When this water is moved up and down by internal waves (see Plate 1), it creates a large sound speed perturbation. Thus the internal wave-induced displacement of the foot of the front can cause a significant portion of the acoustic scattering observed [Sperry, 1999] . Indeed, in winter, when the waters above are all cold, the scattering of sound by this warm water from the foot of the front is likely the dominant ocean interior acoustic scattering mechanism.
